Introduction
Infectious haematopoietic necrosis virus (IHNV) is a rhabdovirus that causes an acute disease in wild and hatcheryreared salmonid fish. Presently, there are no chemotherapeutic agents or vaccines available for prevention or control of the disease. Thus, the development of a vaccine against IHNV would be of great practical and economic value. Because attenuated and killed vaccines are extremely expensive and have not proven efficacious (Leong eta[., I988) , a subunit vaccine was considered as an alternative. IHNV has been shown to be composed of a polymerase (L), a surface glycoprotein (G), a nucleocapsid (N) and two matrix proteins (M1 and M2) (McAllister & Wagner, 1975) . As a first step to preparing a subunit vaccine, efforts have been directed toward identifying the neutralizing epitopes of IHNV. Engelking & Leong (1989) described the G protein as the single viral protein that induced production of neutralizing antibodies in rabbits, mice and fish. Engelking et al. (I991) found that G protein from a single isolate of IHNV induced a protective immune response in vivo to the different electropherotypes of IHNV. Therefore, G protein was thought to be the best candidate for a subunit vaccine to control IHN disease. The IHNV G protein gene has been cloned and sequenced (Koener eta[., 1987) . Bacterial lysates containing trpE-G fusion proteins induced protective immunity against IHNV in laboratory trials (Gilmore et aI., I988; Xu et al., I991) and led to the development of a prototype IHNV subunit vaccine. However, without an adequate understanding of the number of neutralizing epitopes in G protein and of the host immune response against IHNV, iiiiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiYiiiiiii i iiii iiii iiii ii iiii ii! determining the potential effectiveness of a vaccine is difficult. Winton et al. (1988) developed three neutralizing monoclonal antibodies (MAts) directed against IHNV G protein and classified 12 IHNV isolates into four groups based upon their recognition by the three MAbs. Two isolates belonging to the fourth group were not effectively neutralized by any of the MAbs, implying the existence of different neutralizing epitopes among different isolates. Moreover, it has been reported that sera from juvenile trout that survived IHN disease reacted in Western blots most frequently with the IHNV matrix protein (M1) and glycoprotein (G) (Ristow et al., 1993; LaPatra et al., 1993) , suggesting the possible presence of neutralizing epitopes in the M1 protein.
A number of viruses have been reported to induce expression of cellular proteins, such as stress proteins (Collins & Hightower, 1982; Garry et aI., 1983; La Thangue & Latchman, 1988; Notarianni & Preston, 1982; Peluso et at., 1978; Sedger & Ruby, 1994) and major histocompatibility complex (MHC) antigens (Kannagi et al., 1987) . In some cases, these cellular proteins were found to be associated with viruses. For example, stress proteins were found to be associated with adenovirus protein (Macejak & Luftig, 1991) , vaccinia virus protein (Jindal & Young, 1992) , vesicular stomatitis virus protein (Hammond & Helenius, 1994; Hammond et aI., 1994) , Sindbis virus (Mulvey & Brown, 1995) , rabies virus (Sagara & Kawai, 1992) and canine distemper virus (Oglesbee et al., 1990) . MHC antigens were detected in purified virion of immunodeficiency viruses and antibody to MHC antigen neutralized the infectivity of these viruses (Arthur et aI., 1992) .
Four IHNVs were isolated from cultured salmonids during epizootics in Korea in 1991. Two of them were not neutralized at all by MAbs reported to neutralize several USA isolates of IHNV (Winton et aI., 1988; Park et al., 1993) . This indicates the presence of neutralizing epitopes in Korean isolates of IHNV different from those in the USA isolates. This study was done to identify the neutralizing epitopes in a Korean isolate of IHNV, referred to as IHNV-PRT, and reports that IHNV G protein and a cellular 90 kDa protein induce IHNV-neutralizing antibodies.
Methods
• Cell line and viruses. A fish cell line, CHSE-214 (ATCC CRL 1681), from chinook salmon embryo (Lannan et aI., 1984) was grown at I8 °C as monolayers in Eagle's minimum essential medium with Earle's salts supplemented with 10% fetal bovine serum (Gibco) and penicillin-streptomycin (50 IU/mI and 50 lag/ml, respectively; Flow Laboratories). Heat shock was performed at 28 °C for 30 min prior to cell harvest.
Three Korean strains of IHNV (PRT, MRT and SCS), isolated from fish tissue samples collected during epizootics at several hatcheries in Kangwon Province (Park et al., 1993) , and three USA strains of [HNV (OSV, SRCV and RB-76; obtained from J. L. Fryer, Oregon State University, Corvallis, Oreg., USA) were used in this study. All strains were grown in CHSE-214 cells. IHNV-PRT, which was not neutralized by any MAbs developed by Winton e~ al. (1988) , was used as an antigen for the development of MAts.
• Virus purification. Virus purification was performed as described by Park et al. (1993) . Briefly, infected cells were harvested after extensive CPE appeared in the monolayer. After removal of cellular debris by centrifugation, virus particles were precipitated with 7% (w/v) polyethylene glycol (PEG-6000, Sigma). The virus particles in the precipitates were purified by discontinuous sucrose gradient (50, 35 and 20%) centrifugation at 80000 g for 90 rain followed by continuous sucrose gradient (5-30%) centrifugation at 50000g for 30 rain in an SW50.1 rotor (Beckman) . The virus was concentrated by centrifugation at 115 000 g for 60 min and the resulting virus pellet was resuspended in TNE buffer (100 mM-Tris, pH 8-0, I00 mM-NaC1, i mM-EDTA).
For identification of polypeptides associated with the IHNV virion, the purification cycle was repeated once more. Purified virions were treated with 0"25 % trypsin in PBS (I37 mM-NaC1, 2'7 mM-KCI, 8 mMNa2HPO 4 and I"SmM-KH~PO 4, pH7'4) for lh at 20°C by a modification of the methods described by Sagara & Kawai (1992) .
• Rainbow trout sera. Four sera were taken from individual fingerlings of rainbow trout which had survived natural infection by IHNV during outbreaks in hatcheries. Two sera, RT-PA and RT-PB, were from survivors of the same outbreak of isolate IHNV-PRT at Pyongchang hatchery in Korea. RT-DB and RT-I] were from survivors of IHNV infection during outbreaks at Dongbang and Injae hatcheries in Korea, respectively. As a control, RT-NS was taken from a normal healthy fingerling of rainbow trout. AlI the sera were kept at -20 °C.
• Monoclonal antibodies. MAbs against IHNV-PRT were prepared by a modification of the methods described by Lane (I985). Briefly, BALB/c mice were immunized intraperitoneally four times with purified IHNV-PRT strain mixed with Freund's adjuvant (Sigma) and received an additional intravenous injection 3-4 days before fusion. Spleen cells from immunized mice were fused with SP-2/0 myeloma cells in 50% polyethylene glycol (PEG-1500; Sigma). The cells were resuspended in RPMI-1640 medium containing hypoxanthine, aminopterin, thymidine and 10 % fetal bovine serum (Gibco) and plated in 96-welI culture plates. Hybridoma supematants were screened using ELISA and a neutralization test. Selected hybridomas were cloned at least twice by limiting dilution on macrophage feeder cells and then expanded in a culture flask for in vitro production of MAts. The MAb class was determined by ELISA with a mouse monoclonal sub-isotyping kit (Gibco).
MAts against four stress proteins were purchased from StressGen. SPA-807 is a MAb raised against human hsp60, SPA-820 against human hsp70, SPA-845 against murine hsp90 and SPA-850 against chicken grp94. All of these MAbs show broad species cross-reactivities. Ad, a MAb raised against rainbow trout immunoglobulin, was a kind gift from P. Caswell-Reno, Oregon State University.
• ELISA. MAbs against IHNV were quantified using an ELISA. Microtitre plates (Nunc) were coated with 2 I~g protein/ml of virus in coating buffer (0'5 M-carbonate-bicarbonate, pH 9"6) at 4 °C for 16 h. The plates were blocked with 1% BSA in PBS for lh at room temperature. After washing, MAbs appropriately diluted in PBS containing 0"05 % Tween 20 were added, incubated for 2 h and washed three times with PBS--Tween 20 (0"05%). Alkaline phosphataseconjugated goat anti-mouse IgG (Sigma) was added and was detected by addition of alkaline phosphatase substrate, p-nitrophenyl phosphate (lmg/ml in 0"IM-NaHCO a and 1-0mM-MgCI~, pH9"8). The absorbance was read at 405 nm.
• Metabolic radiolabelling and immunoprecipitations. At 4 h
post-infection, CHSE-214 cells were washed and incubated for 30 min in Eagle's minimum essential medium lacking methionine and cysteine (Sigma).
[asS]Methionine-cysteine mix (Amersham; 100 I~Ci per 100 mm diameter dish) was then added for 3 h. Cells were harvested on ice in 0"5 ml of lysis buffer (10 mM-Tris, pH 7"5, 10 mM-NaCI, 0"1 mM-EDTA, 1% NP40, 0"5 % deoxycholate, 1 mM-MgCI,, I mM-PMSF).
For immunoprecipitation assays, cell lysates were preadsorbed with 20 lal of protein G-agarose (50% suspension in lysis buffer) (Gibco) for 2 h at 4 °C. Preadsorbed supernatant (200 ~I) was then mixed with 10 I~l of MAbs or normal mouse serum and incubated overnight at 4 °C. The immunoprecipitates were harvesf:ed by centrifugation after incubation with 10 I~1 of protein G-agarose suspension and analysed by SDS-PAGE.
• SDS-PAGE and Western blots. SDS-PAGE was done under conditions similar to those described by Laemmli (1970) . Viral polypeptides were electrophoresed in a 10% separating gel under reducing conditions. Molecular masses were assessed in comparison to molecular mass standards (Bio-Rad). Electrophoretically separated polypeptides were transferred to nitrocellulose (NC) paper at 40 mA for 16 h using a transfer buffer of 25 mM-Tris, 192 mM-glycine, 20% methanol, pH 8"3. The NC paper was blocked with 1% BSA in PBS. After incubation of mouse MAbs for 2 h, bound antibodies were detected with alkaline phospbatase-conjugated goat anti-mouse IgG antibodies followed by addition of BCIP-NBT phosphatase substrate, consisting of 5-bromo-4-chloro-3-indolyl phosphate (sodium salt; 0"15 mg/ml) and p-nitro blue tetrazolium chloride (0"3 mg/ml) in carbonate buffer.
For the experiment with rainbow trout sera, the NC papers were incubated successively with rainbow trout antisera, MAb (Ad) against rainbow trout immunoglobulin and goat anti-mouse IgG conjugated with alkaline phosphatase. Then bound alkaline phosphatase was detected by addition of BCIP-NBT substrate.
To compare the 90 kDa protein with other well-known stress proteins, lysates of CHSE-214 cells were electrophoresed in a 10% separating gel under reducing conditions. Then the NC papers were incubated successively with MAbs against stress proteins, anti-mouse IgG conjugated with alkaline phosphatase and BCIP-NBT.
• Neutralization assay. The ability of antibodies to neutralize IHNV infectivity in vitro was determined by a neutralization assay similar to that described by Okamoto el al. (I983). Briefly, antibodies were serially diluted (twofold) with EMEM in 9b-multiwell plates (50 I~I per well). Fresh virus (100 TCIDs0 in 50 ~d) was added to each well. Plates were incubated at room temperature for 1 h with continuous shaking. CHSE-214 cells (100 ~tl, I x 10 .5 cells/ml) were plated into each well and further incubated at 18 °C for 10 days. The neutralization fibre of the antibodies was expressed as the reciprocal of the highest dilution of antisera protecting 50% of the cells inoculated.
To screen hybridomas, 50 ~1 of culture fluid was harvested from each well containing a hybridoma and transferred to 96-multiwelI plates, mixed with 100 TCIDs0 virus in 50 ~1 and incubated with 100 I~1 of CHSE-214 cells (1 x 10 ~ cells/mI) as described above.
Results

Preparation of monoclonal antibodies
Sucrose gradient-purified I H N V -P R T was used to develop MAbs directed against IHNV-PRT. Hybridomas were screened by ELISA and neutralization assay to select hybridomas that produced IHNV-neutralizing MAbs. While many of the hybridomas produced antibodies with binding activity for purified virus as detected by ELISA, only five MAbs showed IHNV-neutralizing activity and they are referred to as AB7, AB9, AF6, AG6 and BC2. 
Antibody response to viral polypeptides
The five M A b s prepared as described above and antisera obtained from fingerlings of rainbow trout which had survived IHN disease were tested by Western blot analysis for their reactivity with virion polypeptides of IHNV-PRT. Of the five MAbs, three (AB9, AG6 and AF6) recognized epitopes on the IHNV G protein and the other two (AB7 and BC2) reacted with a 90 kDa protein (Fig. i) . M A b against the 90 kDa protein (AB7) was not contaminated by G-specific M A b by two criteria. Firstly, undiluted AB7 did not react with G by Western blot assay (data not shown). Secondly, when cell lysates were immunoprecipitated with AB7, G was not precipitated (Fig. I) .
Western blots of rainbow trout serum exhibited different reactivity patterns with the viral proteins (Fig. 1) 
Neutralization activity of antibodies
MAbs and rainbow trout antisera were assayed for their neutralizing activity against IHNV-PRT. The neutralization titres of these antibodies are shown in Fig. 2 trout sera possessed neutralizing activity at titres of between 100 and 260. This result is interesting in that immune sera RT-PA and RT-PB showed neutralizing activity even though they do not contain detectable G-specific antibody. Previous work described G protein as the only viral protein that induces protective immunity in animals (Engelking & Leong, 1989) . The most likely explanation for this result is that epitopes on the G protein have been destroyed by denaturation during the Western blotting procedure. However, it is also possible that a protein other than G can induce protective immune response. Five MAbs possessed neutralizing activity at titres of between 68 and 220 (Fig. 2) . Of the five, AB9 was the most effective neutralizer. MAts AB7 and BC2 directed against a 90 kDa protein efficiently neutralized the infectivity of IHNV. Generally, the neutralizing potency of MAbs directed against the G protein was greater than that of the MAts directed to a 90 kDa protein.
A 90 kDa cellular protein
The 90 kDa protein may be of either viral or cellular origin. To clarify this, mock-infected and IHNV-infected CHSE-214 cells were analysed by Western blotting for the presence of a 90 kDa protein. As shown in Fig. 3 , mock-infected cells as well as IHNV-infected cells contained a 90 kDa protein and its intensity was increased slightly at 24 h post-infection. The intensity of the 90 kDa protein was also increased by incubating the uninfected cells at elevated temperature (28 °C). This result suggests that the 90 kDa protein is a cellular protein the expression of which is increased by IHNV infection and heat shock.
When cells are subjected to a variety of stressful stimuli, including heat shock and virus infection, they increase the synthesis of specific stress proteins (Garry et al., 1983) . Among the stress proteins, hsp60, hsp70, hsp90 and grp94 are the best-studied. The 90 kDa protein was compared with these four stress proteins by Western blot assay using MAbs (antihsp60, anti-hsp70, anti-hsp90, anti-grp94 and AB7). As shown in Fig. 4 , hsp70 was abundant and grp94 was detectable in CHSE-214 cells. However, hsp60 and hsp90 were not detected. The 90 kDa protein identified by MAb AB7 was smaller than grp94 and larger than hsp70. This result indicates that the 90 kDa protein is different from these four well-known stress proteins.
The 90 kDa protein was found to be present in stainable quantities in IHNV virions even after several cycles of purification (Fig. 5) . Since the MAb directed to the 90 kDa protein neutralized the infectivity of IHNV (Fig. 2) and the 90 kDa protein was detected in purified IHNV virions, it is likely that the 90 kDa protein is physically associated with the IHNV virion. To confirm whether the 90 kDa protein is stuck to the surface of IHNV, purified IHNV virions were treated with trypsin and then were assayed for the 90 kDa protein by Western blot assay with MAb AB7. As shown in Fig. 5 , this treatment eliminated the 90 kDa protein from the virions, implying the presence of the 90 kDa protein on the surface of the IHNV virion.
Reactivity of monoclonal antibodies with IHNV isolates
The ability of the MAbs to bind to a panel of six IHNV strains was determined by ELISA. The six IHNV strains included isolates from various regions of the USA and Korea (three from USA and three from Korea). The three USA strains, RB-76, OSV and SRCV, were identified as electropherotype 1, 2 and 3, respectively (Park et al., 1993) . The three Korean strains, PRT, MRT and SCS, were all classified as electropherotype 1. However, PRT and MRT were not neutralized by MAt directed against RB-76 and SRCV (Park et al., 1993) .
The ELISA titres of MAbs AB9 and BC2 were not high, but were sufficient to distinguish their reactivities with different IHNV strains. As shown in Fig. 6 , all the five MAts showed strongest reactivity with the PRT strain. AG6 and AF6, which showed strong reactivity with IHNV-PRT, had a relatively low level of reactivity with the other five IHNV isolates. The other three MAbs, AB7, AB9 and BC2, reacted equally well with the six IHNV strains. This result indicates that while the epitopes recognized by MAbs AG6 and AF6 are relatively strain specific, those recognized by MAbs AB7, AB9 and BC2 are conserved among the different strains of IHNV and are thus considered to be good candidates for IHNV subunit vaccines.
It is interesting that the two MAts (AB7 and BC2) directed against the 90 kDa protein reacted with the six IHNV isolates equally well. Since the 90 kDa protein is a cellular protein which is associated with IHNV virions, it is suggested that its association is common in all the IHNV strains.
Discussion
This study was done to identify the immunogenic proteins that contain neutralizing epitopes of a Korean isolate of IHNV, IHNV-PRT. We prepared four IHNV-neutralizing antisera from rainbow trout that had survived IHN disease and five '3~ IHNV-neutralizing MAbs from BALB/c mice and analysed their reactivities by Western blotting. In the rainbow trout sera, antibodies directed against G, M1 and a 90 kDa protein were detected. Of the five IHNV-neutralizing MAbs, three (AB9, AG6 and AF6) were directed against the IHNV G protein and two (AB7 and BC2) against the 90 kDa protein.
These results suggest that G, M1 and the 90 kDa protein are inmmunogenic and that at least G and the 90 kDa protein possess IHNV-neutralizing epitopes.
G is a surface glycoprotein and previous studies have shown G to be an immunogen and to contain neutralizing epitopes (Gilmore et al., 1988; Engelking & Leong, I989; Xu et al., 1991 ). However, Park et aI. (1993 reported that the Korean isolate, IHNV-PRT, was not neutralized by two MAbs (SRCV/A4 and RB/BS) developed by Winton et aI. (1988) . In this study, we prepared three G-specific MAbs with IHNV-PRT neutralizing activity. Two of them, AF6 and AG6, were relatively specific for the IHNV-PRT strain and may be good MAbs for serological studies of different IHNV strains. The other, AB9, which showed relatively high neutralizing activity against IHNV-PRT reacted fairly broadly with six IHNV strains isolated from different geographical regions of the USA and Korea. Thus, the epitope recognized by AB9 is a good candidate for an IHNV subunit vaccine.
The findings that the 90 kDa protein is lmmunogenic and that MAbs to this protein neutralize IHNV infectivity have given impetus to a new way of controlling IHN disease. Until now, there have been no reports of a 90 kDa protein in IHNV. Our results suggest that the 90 kDa protein is a cellular protein the expression of which is increased slightly by IHNV infection and heat shock. This suggests that it may be a stress protein. A number of viruses have been reported to induce expression of '3! iiiiiiiiiiiiiiiiiiiiiii i ii ii iiii iiiiiii!ii stress proteins (Collins & Hightower, 1982; Garry et aI., 1983; La Thangue & Latchman, 19~8; Notarianni & Preston, 1982; Peluso et aI., 1978; Sedger & Ruby, 1994) . The 90 kDa protein does not correspond to the well-known stress proteins, hsp60, hsp70, hsp90 and grp94.
The 90 kDa protein appears to be associated with IHN virions because it was detected in purified IHN virions and MAb directed against 90 kDa protein neutralized IHNV infectivity. Similar phenomena have been observed with some other viruses. For example, hsp 70s were found to be associated with virions of canine distemper virus (Oglesbee eta]., 1990) and rabies virus (Sagara & Kawai, 1992) . Arthur eta] . (1992) showed that the cellular proteins HLA class I and HLA class II were physically associated with human immunodeficiency virus (HIV) and antibodies to HLA neutralized HIV infection, suggesting that these virus-associated cellular proteins are involved in the infection process.
What is the function of this 90 kDa protein in IHNV infection to cells? The finding that ~he binding of antibody to 90 kDa protein can neutralize the infectivity of IHNV is evidence for a role in the infection process, especially in the attachment step. Another suggestion is that the 90 kDa protein in IHN virions may be one of the major target molecules that the immune system uses to recognize and destroy the invading IHNV. A variety of stress proteins are among the major targets of the immune response (Young & Elliott, 1989) . On the basis of our results, when hosts are infected by IHNV, they produce antibodies against the 90 kDa protein which neutralize the infectivity of IHNV. The 90 kDa protein provides a possible new direction for the development of a subunit vaccine for IHNV by recombinant DNA technology. It is, however, not clear how important the neutralizing epitope in 90 kDa protein is in the immune response of rainbow trout to IHNV infection.
There is a possible connection between the 90 kDa protein and autoimmunity. The 90 kDa protein is a cellular protein consistently expressed in normal cells. Thus the immune response against the 90 kDa protein may affect the host cells as well as IHNV and result in tissue destruction and death of the host. It might therefore be a cause of the severe mortality in salmonids following IHNV infection. There is also a likelihood of interaction between the 90 kDa protein and IHNV polypeptides as stress proteins have been found to be associated with proteins of adenovirus (Macejak & Luftig, 1991) , vaccinia virus (Jindal & Young, 1992) , vesicular stomatitis virus (Hammond & He[enius, 1994; Hammond ef al., 1994) and Sindbis virus (Mulvey & Brown, 1995) . This protein may act as a chaperone by promoting the folding and assembly of newly synthesized polypeptides of IHNV.
Besides G and the 90 kDa protein, the present study showed that M1 was also immunogenic. The immunogenicity of IHNV M1 has been reported previously. Mourich & Leong (1991) Although recognizing that important immunogenic sites on the other structural proteins of IHNV may be destroyed by denaturation, our evidence does suggest that the G and 90 kDa proteins are the principal immunogens which contain neutralizing epitopes. The neutralizing epitopes recognized by MAbs AB9 and AB7 are conserved among different IHNV isolates. If these epitopes are important in protection, it may be possible to develop an effective IHNV vaccine for use in different geographical areas.
